Pyridalyl (I) [2,6-dichloro-4-(3,3-dichloroallyloxy)phenyl 3-[5-(trifluoromethyl)-2-pyridyloxy]propyl ether] is a new insecticide controlling Lepidoptera and Thysanoptera on cotton, fruits and vegetables. [1] [2] [3] Aquatic invertebrates are more susceptible to I than fish and algae, based on standard ecotoxicological data: common carp (Cyprinus carpio) 96-hr LC 50 , Ͼ10 mg/l; Daphnia magna 48-hr EC 50 , 0.0038 mg/l; green alga (Pseudokirchneriella subcapitata) 72-hr EbC 50 , Ͼ10 mg/l. 2,3) Aquatic invertebrates are one of the most diverse taxonomic classes in terms of ecology and physiology 4, 5) and are known to exhibit species-dependent susceptibility to chemicals, including pesticides. 6) Although Daphnia magna is the typical species used to assess the impact of a chemical on aquatic invertebrates due to the ease of handling and availability of a large ecotoxicological database, 7) cladocerans have been found to be less susceptible to certain insecticides than other invertebrates, such as midges.
Introduction
Pyridalyl (I) [2,6-dichloro-4-(3,3-dichloroallyloxy)phenyl 3-[5-(trifluoromethyl)-2-pyridyloxy]propyl ether] is a new insecticide controlling Lepidoptera and Thysanoptera on cotton, fruits and vegetables. [1] [2] [3] Aquatic invertebrates are more susceptible to I than fish and algae, based on standard ecotoxicological data: common carp (Cyprinus carpio) 96-hr LC 50 , Ͼ10 mg/l; Daphnia magna 48-hr EC 50 , 0.0038 mg/l; green alga (Pseudokirchneriella subcapitata) 72-hr EbC 50 , Ͼ10 mg/l. 2, 3) Aquatic invertebrates are one of the most diverse taxonomic classes in terms of ecology and physiology 4, 5) and are known to exhibit species-dependent susceptibility to chemicals, including pesticides. 6) Although Daphnia magna is the typical species used to assess the impact of a chemical on aquatic invertebrates due to the ease of handling and availability of a large ecotoxicological database, 7) cladocerans have been found to be less susceptible to certain insecticides than other invertebrates, such as midges. 8) Midges and amphipods are the other important classes from their ecology in the aquatic environment and are known to show different susceptibility to chemicals, including pesticides. 9) Recently, ecotoxicological testing methods have been recommended by the Organization for Economic Cooperation and Development (OECD), the Office of Chemical Safety and Pollution Prevention Substances, United States Environmental Protection Agency (OPPTS), the American Society for Testing and Materials (ASTM) and Ministry of Agriculture, Forestry and Fisheries, Japan (JMAFF) [9] [10] [11] [12] for both species as a standard species. From these viewpoints, the acute toxicity of I to larval midge Chironomus yoshimatsui and adult amphipod Hyalella azteca was investigated in the present study. Furthermore, the metabolism of I in these invertebrates as well as its body residues was briefly examined to explain the apparent difference in its acute toxicity. [ 14 C]-I uniformly labeled at dichlorophenyl ring ( Fig. 4 ; specific activity, 9.70 and 9.87 MBq/mg; radiochemical purity, 95.7-97.1%) as well as non-radiolabeled I were prepared in our laboratory. The following authentic standards of potential metabolites were also prepared in our laboratory 13, 14) with chemical purities of 98.0 to 98.8%: 3,5-dichloro-4-(3-(5-trifluoromethyl-2-pyridyloxy)propoxy)phenol (II) and 2-{3,5-dichloro-4-[3-(5-trifluoromethyl-2-pyridyloxy)propoxy]phenoxy}acetic acid (III). Hydrogenated caster oil (HCO-40) was purchased from Nikko Chemicals and used without treatment.
Materials and Methods

Chemicals
Test organisms
The non-biting midge Chironomus yoshimatsui (Insecta, Diptera, Chironomidae) and amphipod Hyalella azteca (Crustacea, Amphipoda, Hyalellidae) were originally provided by the National Institute for Environmental Studies (Ibaraki, Japan) and Springborn Smithers Laboratory (Massachusetts, US), respectively. They have been cultured in our laboratory over several years and third-instar midge larvae and adult amphipods were used in this study. Their cultures were held at approximately 23°C with a 16-hr daylight photo-period and fed standard commercial fish food (TetraMin; Tetra Werke, Germany) regularly depending on their population density. Culture water was prepared from tap water de-chlorinated with activated charcoal. The test organisms were not fed during exposure to I. During exposure, water quality parameters, such as pH, dissolved oxygen (DO) concentration and temperature, were regularly measured and each was kept within an acceptable range for the test organisms at pH 7.4-7.9, DO 7.9-8.7 mg/l and 22.6-23.3°C, respectively.
Bioassay
Acute toxicity was examined by exposing midges to I for 48 hr under static conditions in the absence of sediment. In order to measure the residues originating from I in the body, 14 C-I was used to prepare test solutions in the presence of N,N-dimethylformamide(DMF)/HCO-40 (1/1, w/w) by dilution with de-chlorinated water.
14 C-I (approximately 0.20 mg) and nonradiolabeled I (50.0 mg) were first dissolved in 10 times their weight of DMF/HCO-40 (1/1, w/w) and mixed with deionized water separately to prepare primary stock solutions (23.0 and 1000 mg/l of radiolabeled and non-radiolabeled I, respectively).
14 C-I was diluted in de-chlorinated water with an appropriate amount of non-radiolabeled I to prepare test solutions at nominal concentrations of 0.010, 0.032, 0.10, 0.32, 1.0, 3.2 and 10 mg/l. The dilution water and that in the presence of co-solvent (0.01 mg/l) were individually used as controls. One-liter glass beakers each containing 500 ml of the test solution were immersed in a temperature-controlled water bath maintained at 23Ϯ1°C under a photo-period of 16 hr using fluorescent bulbs. Exposure was initiated by introducing 10 test organisms into each test vessel.
The acute toxicity of I to amphipods was similarly examined in duplicate by exposure for 96 hr to non-radiolabeled I in 1-liter test solutions at nominal concentrations of 0.010, 0.020, 0.040, 0.080 and 0.16 mg/l along with the controls. Exposure was conducted under semi-static conditions with a renewal interval of 48 hr, and a piece (ca 2ϫ3 cm) of stainless steel mesh was put into each test vessel as a substrate for amphipods. The body residues originating from I were separately measured by duplicate exposure for 96 hr to 14 C-I at a nominal concentration of 0.010 mg/l, causing 40% mortality by the end of exposure.
Mortality and toxic symptoms of the test organisms were observed every 24 hr during each exposure. Mortality was defined as a lack of reaction to gentle prodding. Dead organisms were removed in order to maintain good water quality. Surviving organisms were sampled at the end of exposure for analysis of 14 C residues.
Chemical analysis
The radioactivity in the exposure water was measured by liquid scintillation counting (LSC) using a Packard Model 2000CA or 2900TR liquid scintillation analyzer (Packard Instrument Co., Ltd.) at the initiation and termination of each exposure. A 1-ml aliquot was sampled and mixed with 10 ml Packard Emulsifier-Scintillator 299 TM or Perkin Elmer Emulsifier Scintillator Plus for radio-assay. In addition, 5-7 ml of exposure water was extracted twice with 3-5ml ethyl acetate and the concentrated extracts were subjected to TLC co-chromatography with authentic standards using pre-coated silica gel 60F 254 chromatoplates (20ϫ20 cm, 0.25 mm layer thickness; E. Merck Ltd.) developed with a solvent system of toluene/acetic acid (7/1, v/v). The radioactivity in each component was quantified with a BAS-IIIs Fuji Imaging Plate (Fuji Photo Film Co., Ltd.) and a Bio-Imaging Analyzer Typhoon 9200 (Amersham Biosciences Co., Ltd.). The non-radiolabeled reference standards used in co-chromatography were detected by exposing the chromatoplates to UV light. Typical TLC R f values of I, II and III were 0.66, 0.21 and 0.18, respectively. When non-radiolabeled I was used for amphipod exposure, 30 ml exposure water was extracted twice with 5 ml n-hexane and subjected to HPLC analysis. A Shimadzu HPLC system (Prominence Model) equipped with a Sumipax ODS A-212 column (5 mm, 6 mmϫ15 cm; Sumika Analytical Service Ltd.) was operated under isocratic conditions using acetonitrile/water (98/2, v/v) as a mobile phase at a flow rate of 1.0 ml/min. The typical retention time of I was approximately 7 min. Column effluent was monitored at 210 nm and I was quantified using a calibration curve at 0.30 to 10 mg/l (r 2 ϭ0.998).
Live and dead organisms were separately blotted dry and pooled. Each composite sample (10-20 mg) was weighed on an electric balance (Model AE200; Mettler Toledo) and homogenized with 2 ml acidified acetonitrile (0.005% HCl) in a 20-ml glass homogenizer reactor tube using a motor (Model 1200GP; Heiden) followed by ultrasonication (Ultrasonic Cleaner Model 1200; Branson). After radio-assay by LSC, the concentrated extracts were subjected to TLC co-chromatography. Unextractable residues were wiped off with filter paper and radio-assayed after combustion using a Packard Tri-Carb Model 307 Sample Oxidizer with a mean recovery of 96.6-97.0%. Since a significant amount of extracted 14 C from organisms was detected at origin in TLC analyses, the origin fraction was scrapped off and subjected to acid hydrolysis in 2 ml of 6 M HCl at 80°C for 2 hr. The portion of hydrolysate was similarly subjected to TLC co-chromatography.
Statistical analysis
The median lethal concentrations (LC 50 ) and the median lethal body residue (LR 50 ) with their 95% confidence intervals were estimated based on the mean measured concentration of I in water and the test organisms, respectively. Ecotox-statics 15) (The Japanese Society of Environmental Toxicology) or the Probit program 16) (U.S. Environmental Protection Agency) was used for this purpose. The LR 50 was defined as the estimated body residue concentration at which 50% population died.
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Results
Acute toxicity
The concentrations of I in the exposure solution were kept almost constant during the exposure period in any study, in accordance with the hydrolytic stability of I. 2, 3) The mean measured concentrations were 87 to 100% and 84 to 100% of the nominal concentrations during the exposure of midges and amphipods, respectively. The mortality of each organism at the tested concentrations is summarized in Table 1 . The relationships between mean measured concentrations and mortality at the end of each exposure are shown in Fig. 1 . For midges, a clear dose-response curve was observed in a range of 0.32 and 3.0 mg/l, and the 48-hr LC 50 was estimated to be 1.1 mg/l with a 95% confidence interval of 0.76 to 2.0 mg/l. In the amphipod study, a dose-response curve with 30 to 95% mortality was obtained in the range of 0.0084 and 0.15 mg/l, and the 96-hr LC 50 was similarly estimated to be 0.015 mg/l with a 95% confidence interval of 0.0080 to 0.022 mg/l.
Body residues and metabolite characterization
The results of the chemical analyses of exposed midges and Vol. 35, No. 4, 441-446 (2010) Acute toxicity and related metabolism of pyridalyl in C. yoshimatsui and H. azteca 443 amphipods are summarized in Table 2 . Due to the mortality patterns, two samples of live and dead organisms were available for the 0.93 mg/l treatment in midges and 0.0093 mg/l treatment in amphipods. In addition, although the dead midge sample in the 3.0 mg/l treatment at 24 hr was insufficient for chemical analysis due to its limited biomass, two dead midge samples in the 8.8 mg/l treatment at 24 and 48 hr were analyzed separately. The arithmetic mean was calculated as a representative value of such treatment levels. The percent mortality vs. residue level of I plot is shown in Fig. 2 . The 96-hr LR 50 value for midges based on the total radioactive residues (TRR) was estimated to be 116 mg I eq/kg with a 95% confidence interval of 110 to 122 mg I eq/kg. Based on the radioanalysis of residues, the corresponding LR 50 value of I was calculated to be 79 mg/kg (95% confidence interval, 53 to 110 mg/kg). I and metabolite II were detected as the major components at all test concentrations with a significant amount of 14 C being located at the origin of TLC. III was a minor metabolite with less than 2% TRR. Acid hydrolysis of the origin fraction resulted in the release of II at 10 to 34% TRR and, therefore, the presence of conjugates of II in midges was most likely. Similar metabolic profiles were found for amphipods exposed at the mean measured concentration of 0.0093 mg/l, but with much less metabolism. I amounted to 86% of TRR (18 mg/kg) at the end of exposure without the formation of III. For both species, no remarkable difference in the body residue levels of I as well as its major metabolites between live and 444 M. Miyamoto and T. Katagi Journal of Pesticide Science dead organisms was observed at partial mortality levels of 0.93 (C. yoshimatsui) and 0.0093 mg/l (H. azteca). Based on these results, the metabolic pathways of I in C. yoshimatsui and H. azteca are proposed in Fig. 3 . I mainly underwent ether cleavage at 3,3-dichloroallyloxy moiety to form II, followed by conjugation.
Discussion
Although the exposure periods were different, the estimated LC 50 values of I to H. azteca and C. yoshimatsui showed that H. azteca was more susceptible than C. yoshimatsui by a factor of about 70. These organisms were found to be clearly less sensitive to I than D. magna (48-hr EC 50 , 0.0038 mg/l). The general order of toxicity to organic compounds has been proposed to be AmphipodaϾCladoceraϾDiptera, 6) but H. azteca (Amphipoda) was less sensitive to I than D. magna (Cladocera) in our study. The toxicity of a chemical in aquatic organisms is considered to be influenced by its uptake from water, distribution in tissues, metabolism and excretion. 22) The metabolic profiles were only concisely examined for both species in our study without investigation of uptake kinetics, but the uptake of I was likely to be a passive process because of water exposure without any feed and the high hydrophobicity of I (logPϭ8.1) 3) , and some related evidence could be seen from the data such as the following. Similar body residues were observed between live and dead midges at the end of exposure at the 0.93 mg/l treatment level. At the highest treatment level (8.8 mg/l) in midges, there were some increase in the body residues of dead organisms between 24 and 48 hr. These results suggested the passive uptake depending on the exposure period. In such a case, lipid content in organisms would govern the extent of uptake. The lipid content of amphipods is considered to be higher by a factor of 2-5 than that of midges, 22) suggesting the higher uptake of I in amphipods. The TRR-based simple partition coefficient was calculated to be about 270-560 (0.0088-0.32 mg/l) and 2260 (0.0093 mg/l) for C. yoshimatsui and H. azteca, respectively, which is in accordance with this concept; however, this difference could not fully account for the markedly higher toxicity in H. azteca.
As shown in Table 2 , I was significantly metabolized in midges at the no-effect level up to 0.32 mg/l and only half of I was present unchanged, even around the LC 50 level (0.93 mg/l). A significant difference in the fractions of I in body tissues (Student's t-test, pϭ0.0004) between lethal concentrations of 0.93-8.8 mg/l (39-67%) and lower concentrations of 0.0088-0.32 mg/l (7.9-29%) was observed, which strongly suggested that enzymatic metabolism activity reached saturation at lethal levels. The main metabolite II amounted to 48-68% TRR below the lethal level. Its toxicity is considered to be much lower than I because of its about one 95th less toxicity in D. magna (48hr-EC 50 , 0.36 mg/l). 23) Less toxicity is expected for the minor metabolite III based on its far lower toxicity than II (D. magna 48hr-EC 50 , 7.6 mg/l, unpublished data). Furthermore, conjugation is most likely to result in much lower toxicity. The O-dealkylation followed by conjugation is one of the typical degradation/metabolic pathways in aquatic organisms, including crustaceans (shrimp, daphnid, crab, etc.) and midges. 22, [24] [25] [26] [27] [28] The formation of II and III is considered to proceed oxidatively and has been reported in mammals, plants, soil and photolysis. 2, 13, 14) In the present study, although the whole structure of conjugate(s) was not characterized, aglycon was identified as II, a phenolic derivative, by acid hydrolysis. Based on accumulated evidence in the conjugation patterns for a hydroxy group of a primary metabolite, sulfate, glucuronide or glucoside would be the likely candidate. In contrast, more than 80% of I was not metabolized in H. azteca around the LC 25 level of 0.0093 mg/l; Vol. 35, No. 4, 441-446 (2010) Acute toxicity and related metabolism of pyridalyl in C. yoshimatsui and H. azteca 445 therefore, the metabolic difference is most likely to play a major role in the apparent difference in toxicity. Many studies on lethal body residues have been reported in several taxa, such as fish, crustacean, oligochaete and insects, [17] [18] [19] [20] [21] 29) and showed the usefulness of LR 50 in considering the potential toxicity of a chemical in each species. Since the 14 C study in H. azteca was conducted only at one concentration, the LR 50 value could not be calculated; however, the mortality was below 50% and the LR 50 value would be greater than 18 mg/kg. In C. yoshimatsui, it was estimated to be 79 mg/kg. These LR 50 values would be within the same order of magnitude and the potential toxicity of I to these species is not so different. Therefore, the much higher apparent toxicity of I to H. azteca than C. yoshimatsui is most likely to be accounted for by either the higher uptake or the lower metabolic activity of H. azteca.
